Thirty-six 16-day-old broiler chicks were used to assess the effects of swine gut intestinal antimicrobial peptides (SGAMP) on growth performance and small intestinal function of broilers under chronic heat stress. The results showed that compared with the heat stress group, the SGAMP added group showed greater average daily gain and feed efficiency, less histological and ultrastructural lesions, greater height of villus and thickness of gut mucosa, greater activity of alkaline phosphatase, more intestine intraepithelial lymphocytes, higher ratio of secreting IgA, less goblet cell number, and lower ratios of proliferating cell nuclear antigen, heat shock protein 70, and glucose-6-phosphatase (P < 0.05 or P < 0.01). These results indicated that SGAMP could effectively resist the adverse effects of chronic heat stress by reducing the intestinal injury and maintaining the normal intestinal structure, absorption function, and mucosal immunity in broilers under heat stress.
INTRODUCTION
Heat stress is a stress response caused by high temperature that is beyond the comfort zone of animals, which leads to a series of nonspecific physiological reactions (Crespo and Shivaprasad, 2013) . With the trend of global warming and intensive farming, heat stress is one of the biggest environmental factors that can cause harm to livestock and the poultry breeding industry (Renaudeau et al., 2012) . Poultry are prone to heat stress because of thick feathers, exuberant metabolism, lack of sweat glands, and fewer means of heat dissipation (Crespo and Shivaprasad, 2013) . Heat stress impairs growth of animals and quality of products by affecting the function of neural and endocrine systems, causing huge economic losses (St-Pierre et al., 2003) . As one of the most important and longest digestive organs, the intestine is severely influenced by heat stress (Song et al., 2014; Nanto et al., 2015) .
Antibiotics have long been considered as the unparalleled solution to infectious diseases and in recent decades have made a significant economic contribution as growth promoters in intensive husbandry (Cheng et al., 2014) . However, drug resistance and drug residues in animal products caused by abuse of antibiotics have 5% acetic acid (1:10 wt/vol) and extracted overnight. The extracts were placed in boiling water for 10 min and cooled rapidly. After being centrifuged at 6,440 × g for 30 min at 4
• C, the supernatants were collected and adjusted to pH 7.0 with sodium hydroxide. The crude extracts were loaded on a 10 × 300 mm Sephadex G-100 column and G-25 column (GE Life Science Co., Uppsala, Sweden) and eluted by 0.2 mol/L of sodium acetate buffer. The SGAMP elution was detected by agarose diffusion assay (Yan and Adams, 1998) with Escherichia coli ATCC 25922 (China Veterinary Culture Collection Center, Beijing, China) as the indicator organism. The fractions of interest were stored as lyophilized powders at −20
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Birds and Experimental Treatment
In the artificial climate chambers, 36 16-day-old Arbor Acre (AA) male broiler chickens (provided by Huadu broiler company, Beijing, China) with similar BW were selected. The birds were randomly assigned to 3 groups with 12 chicks per group: control group, heat stress (HS) group, and heat stress and SGAMP treated (HS&AMP) group. Four birds were fed in one cage and there were 3 replicates for each group, and this experimental trial was replicated 3 times. Each chicken in the HS&AMP group was given 0.2 mg of SGAMP dissolved in one mL of sterilized 0.9% NaCl solution by gavage each morning. In other groups, chickens received the same volume of sterilized 0.9% NaCl solution. Before the trial, all chickens were adapted to 20
• C for 3 days. During the 10-day trial, both the birds of the HS group and the HS&AMP group were exposed to 20 ∼35
• C environmental temperature that simulated the condition in summer as shown in Figure 1 , and the broilers in the control group were kept consistently at 20
• C. All birds received the same diet (provided by Huadu Feed Company, Beijing, China) and were provided feed and water ad libitum. Body weights and feed intakes were measured daily. The ADFI, ADG, and feed conversion ratio (FCR) were calculated. All the experimental procedures were approved by the Institution Animal Care and Use Committee of China Agricultural University (The certificate of Beijing Laboratory Animal employee, ID: 114120800171).
Specimen Collections
All experimental birds were sacrificed to determine the effects of SGAMP on morphology and mucosal immune status in the small intestine at the end of the trial. The intestinal tracts were excised and rinsed 3 times in 0.9% NaCl solution for sample collection after the chickens were euthanized and the duodenum, jejunum, and ileum were immediately collected and fixed in 2.5% (vol/vol) glutaraldehyde-polyoxymethylene solution.
Histopathological Examinations
Light Microscopy (LM). Cross-sections of intestinal specimens were dehydrated with graded ethanol (50, 70, 80, 90, 95, and 100% ethanol) , then embedded in paraffin wax, and serial paraffin sections (4 μm) were obtained. The serial paraffin sections were stained with hematoxylin and eosion (H&E) as previously described (Ding et al., 2011) . Microscopic changes were observed under a light microscope.
Scanning Electron Microscopy (SEM). The rest of the above tissues were prepared for examination by a scanning electron microscope (SEM, S-570 HITACHI, Tokyo, Japan) as the method described before (Shi et al., 1996) .
Measurement of Villus Morphology, Intestine Intraepithelial Lymphocytes, Goblet Cells, and Alkaline Phosphatase. The villus heights, mucosa thicknesses, and the numbers of intestine intraepithelial lymphocytes (IEL) were achieved on the H&E stained sections. The goblet cells (GC) of the intestine were identified by using the periodic acid-Schiff method (Tokuhiro and Hirasawa, 1978) and alkaline phosphatase (AKP) in the intestinal mucosa surface was determined by the Gomori's calcium-cobalt amendment method (Bao et al., 2009) . For each staining section, 3 fields per section and 5 sections per chicken were chosen randomly and measured by Motic Med 6.0 CMIAS Image Analysis System (MOTIC CHINA GROUP CO., LTD., Guangzhou, China). The numbers of ILE and GC among 100 enterocytes in different fields were counted for the statistical analysis (Wang et al., 2009 ).
Immunological Assays
The serial sections were subjected to an avidin-biotin complex (ABC) immunohistochemical analysis for examination of secreting IgA (sIgA, mouse-anti-chick IgA, Southern Technology Inc., Longwood, FL), heat shock protein 70 (HSP70, rabbit anti-HSP70 antibody, Beijing Biosynthesis Biotechnology CO., LTD., Beijing, China), proliferating cell nuclear * and * * indicate significant difference from the CON group at P < 0.05 and P < 0.01, respectively. The # and ## indicate significant difference from HS&AMP group at P < 0.05 and P < 0.01. CON, control group; HS, heat stress group; HS&AMP, heat stress and SGAMP treated group.
antigen (PCNA, rabbit anti-PCNA antibody, Beijing Biosynthesis Biotechnology CO., LTD., Beijing, China), and glucose-6-phosphatase (G-6-Pase, rabbit anti-glucose -6-phosphatase alpha antibody, Beijing Biosynthesis Biotechnology CO., LTD., Beijing, China) as mentioned before (Ding et al., 2011) . The serial paraffin sections (4 mm) were deparaffinized, rehydrated, and then rinsed in PBS-T (0.01 mol/L PBS, pH 7.4). After being heated at 94
• C in a citrate buffer solution (0.01 mol/L, pH 6.0) for antigen retrieval, the sections were naturally cooled, and then immersed in 3% aqueous hydrogen peroxide (H 2 O 2 ) for endogenous peroxidase ablation at room temperature for 20 minutes. After being washed in PBS-T, the sections were treated sequentially with the goat serum, primary antibody, biotinylated secondary antibody, and horseradish peroxidase-labeled avidin chain working fluid (Beijing Zhongshan Goldenbridge Biotechnology Co., Ltd., Beijing, China) in a moist chamber. Finally, the tissue sections were colored with 3,3-diaminobenzidin (Beijing Zhongshan Goldenbridge Biotechnology Co., Ltd., Beijing, China), counterstained with hematoxylin, dehydrated, and mounted with neutral gums. The primary antibody was replaced by PBS-T in the negative control specimens.
The positive signal of sIgA, HSP70, PCNA, and G-6-Pase was brown or yellow granular mass and could be traced and measured by Motic Med 6.0 CMIAS Image Analysis System (MOTIC CHINA GROUP CO., LTD). Three fields per section and 5 sections per chicken were chosen randomly and analyzed. The positive staining area density was calculated as the ratio between the positive stained area and the total analyzed field.
Statistical Analysis
The experimental data were expressed as means and standard deviation (SD) and analyzed by one-way ANOVA using SPSS 20.0 (SPSS Inc., Cary, NC). Differences were considered to be statistically significant at P < 0.05 or P < 0.01.
RESULTS

Effect of SGAMP on Growth Performance
During the trial, the control group showed a good healthy state; the HS group exhibited lethargy, openmouth breathing, diarrhea, and thermopolypnea; the HS&AMP group had lighter diarrhea and thermopolypnea than the HS group. The effects of the SGAMP on BW, ADFI, ADG, and FCR are shown in the Figure 2A , B, C, and D respectively. As shown in Figure 2A , there was no significant difference in BW of the HS group and HS&AMP group compared with the control group at the beginning of the trial (P > 0.05). After 4 days of the trial, compared with the control group, the BW of the HS group decreased significantly (P < 0.05) and there was no obvious difference between the HS&AMP group and the control group (P > 0.05). There was no statistically marked difference in ADFI of the HS group and HS&AMP group compared with the control group (P > 0.05) ( Figure 2B ). The HS group had significantly lower ADG and higher FCR than the control group (P < 0.01), but there was no significant difference in the HS&AMP group compared to the control group (P > 0.05) (Figure 2C and D) . * and * * indicate significant difference from the CON group at P < 0.05 and P < 0.01, respectively. The # and ## indicate significant difference from HS&AMP group at P < 0.05 and P < 0.01. CON, control group; HS, heat stress group; HS&AMP, heat stress and SGAMP treated group.
Effect of SGAMP on Morphology of the Small Intestine
The morphology changes obtained by H&E staining and SEM are shown in Figure 3A , B, and C. By the light microscope observation ( Figure 3A) , intestines of the control group showed complete mucosa and neatly lined villi ( Figure 3A1) ; the intestinal mucosa of the HS group was severely damaged with broken villi ( Figure 3A2 , arrow), necrosis epithelial cells, and edema; the HS&AMP group exhibited relatively complete intestinal structure with slightly broken villi and neatly arranged epithelial cells ( Figure 3A3 ). Compared to the control group (Figure 3B1 and C1) , the ultrastructural changes obtained by SEM observation showed that in the duodenum of the HS group there were obvious pathological lesions characterized by necrosis and shedding epithelial cells, widened cell gaps, substantial mucus ( Figure 3B2 and C2, arrow), and red cell exudation. There were lighter changes in the duodenum of the HS&AMP group with some mucus and seldom red cell exudation ( Figure 3B3 and C3).
The villus height, crypt depth, and villus width of the duodenum, jejunum, and ileum of each group are shown in Figure 3D -F. Compared with the control group, the HS group had a lower villus height (Figure 3D) , an increased crypt depth ( Figure 3E) , and a decreased villus width ( Figure 3F ) in the duodenum and jejunum, and there were no significant differences of the above indexes in the ileum (P > 0.05) (Figure 3D-F) . However, the HS&AMP group had only a lower villus height in the jejunum compared with the control group (P < 0.05) and the height was still higher than that of the HS group (P < 0.01); there was no significant differences of the other above indexes in the HS&AMP group compared with the control group (P > 0.05) (Figure 3D-F) .
Effect of SGAMP on AKP in the Duodenum
As shown in the Figure 4A , the positive reaction of the AKP test displayed black and distributed mainly on the surface of the mucosa epithelium ( Figure 4A , arrow). The activity of AKP of the HS group was significantly lesser compared with the control group (P < 0.05). Though the activity of AKP of the HS&AMP group decreased slightly, there was no significant difference compared with the control group (P > 0.05) ( Figure 4D ).
Effect of SGAMP on IEL in the Small Intestine
The IELs were randomly distributed among column cells ( Figure 3A) . The number of IEL is shown in Figure 4E . In the duodenum, the number of IEL was significantly greater in the HS&AMP group compared with the control group (P < 0.01) and the HS group (P < 0.05). However, the number of IEL of the jejunum in either the HS group or in the HS&AMP group had a significantly lower number than the control group (P < 0.01). In the ileum, the HS group had less IEL compared with the control group, but there was no significant difference between the control group and the HS&AMP group (P > 0.05).
Effect of SGAMP on GC in the Small Intestine
The GCs were stained fuchsia by PAS staining and showed a typical goblet shape among columnar cells ( Figure 4B, arrowhead) . The numbers of GC of different groups are demonstrated in Figure 4F . In the duodenum, the number of GC was significantly higher in both the HS group (P < 0.05) and HS&AMP group (P < 0.01) compared with the control group. In the jejunum, the HS group had a significantly higher number of GC compared with the control group (P < 0.01) and the HS&AMP group (P < 0.01), while there was no difference between the HS&AMP and control group (P > 0.05). In the ileum, though there was still much more GC in the HS&AMP group than the control group (P < 0.01), there was a significantly higher number of GC in the HS group compared with both the control group (P < 0.01) and HS&AMP group (P < 0.01).
Effect of SGAMP on sIgA in the Small Intestine
The sIgA-expressing cells mainly distributed in the cytoplasm of the mucosa epithelium and lymphocytes ( Figure 4C , arrowhead) and the statistical results are shown in Figure 4G . In the duodenum, the area of positive sIgA of the HS group was less than the control group (P < 0.05) and the HS&AMP group (P < 0.05); the sIgA area of the HS&AMP group decreased, but there was no significant difference compared with the control group (P > 0.05). In the jejunum, there was no significant difference among the groups (P > 0.05).
Effects of SGAMP on Expression of PCNA, HSP70, and G-6-Pase in the Small Intestine
The expression of PCNA, HSP70, and G-6-Pase were related to pathological changes of the intestine under heat stress and the positive signals of them were stained dark brown by the immunohistochemical assay (Figure 5) .
The PCNA was mainly distributed in the nuclear of the crypt cells in the small intestine ( Figure 5A , arrowhead). There was higher expression of PCNA in the duodenum of the HS group than the control group (P < 0.05) and the HS&AMP group (P < 0.05) ( Figure 5D ). The HSP70 was expressed mainly in the mucosa epithelium and lamina propria, and partially in the intestinal gland cells (Figure 5B, arrowhead) . By analyzing the area density of the positive signals, the results exhibited that either the HS group or the HS&AMP group showed increased expression of HSP70 ( Figure 5E ). The HS group showed significantly higher HSP70 than the control group in the duodenum (P < 0.05), jejunum (P < 0.01), and ileum (P < 0.01), but the HSP70 of the HS&AMP group had significantly higher expression only in the ileum (P < 0.01). The G-6-Pase was mainly distributed in the cytoplasm of the mucosa epithelium and lamina propria ( Figure 5C , arrowhead). The statistical results showed that there was higher expression of G-6-Pase in the HS group than the control group in the duodenum (P < 0.01) and in the jejunum (P < 0.05). However, there was no significant difference between the control group and the HS&AMP group (P > 0.05) ( Figure 5F ).
DISCUSSION
Broilers under heat stress showed decreased feed intake and feed efficiency, poor product quality, and falling body weight (Lin et al., 2006; Crespo and Shivaprasad, 2013) . Consistent with previous reports, the HS group showed lower ADG and higher FCR compared with the control group. To our knowledge, there is little work that has been focused on the effects of antimicrobial peptides on growth performance and intestinal mucosal immunity. As reported previously (Bao * and * * indicate significant difference from the CON group at P < 0.05 and P < 0.01, respectively. The # and ## indicate significant difference from HS&AMP group at P < 0.05 and P < 0.01. CON, control group; HS, heat stress group; HS&AMP, heat stress and SGAMP treated group. et al., 2009), SGAMP had effects on improving growth performance. The SGAMP added group under heat stress showed no obvious changes of ADG and FCR compared with the control group, implying that the SGAMP can effectively improve the production performance of chickens suffering from heat stress. In order to investigate the mechanism of how AMP could maintain the growth performance of broilers under heat stress, * and * * indicate significant difference from the CON group at P < 0.05 and P < 0.01, respectively. The # and ## indicate significant difference from HS&AMP group at P < 0.05 and P < 0.01. CON, control group; HS, heat stress group; HS&AMP, heat stress and SGAMP treated group. the structure and function of the small intestine were studied.
Complete small intestinal structure and function guarantee the process of nutrient digestion and absorption, and morphological changes of the villus length, villus width, and crypt depth are remarkable factors that reflect the state of gastrointestinal absorption (Gulbinowicz et al., 2004) . Intestinal AKP is key to absorption and transport of fat, sugar, and protein (Toofanian, 1985) , and maintenance of intestinal homeostasis (Lalles, 2010) , hence the activity of AKP can reflect the state of intestinal absorption function to some extent (Estaki et al., 2014) . In agreement with previous research (Quinteiro-Filho et al., 2010; Song et al., 2014) , we found that the structure and ultrastructure of intestinal mucosa were damaged, the area of intestinal digestion and absorption was reduced, and the levels of intestinal AKP were severely decreased by heat stress, which would lead to the dysfunction of digestion and absorption. However, adding SGAMP can effectively maintain the relative normal morphology of the small intestine, area of digestion and absorption, and expression of AKP, implying SGAMP could protect small intestinal structure and maintain normal metabolism levels so as to ensure good growth performance of broilers under heat stress.
As reported before, immunity could be dampened by heat stress (Hu et al., 2007; Jin et al., 2011) . The intestine is not only a place for absorbing nutrients but also regarded as an important immunological barrier (Steinert et al., 2016) . IEL, GC, and sIgA are involved in intestinal mucosal immunity. IEL not only has the activity of NK cells that can directly kill pathogenic microorganisms but also can produce some cytokines to work for the humoral immune response (Qiu and Yang, 2013) . GC of the intestine secretes lubricant mucus that protects the epithelial cells from damage ), but excessively increased or hypersecretional GC tends to cause diarrhea and catarrhal inflammation . SIgA is the main effect factor produced by plasma cells in the intestinal mucosa lamina propria and deals with various harmful antigens in the intestinal tract (Forbes et al., 2008; Pabst, 2012) . The results showed that heat stress led to an obvious decrease in IEL number and expression of sIgA, and significant increase in GC number, suggesting that heat stress impaired the activity of intestinal mucosal immunity. But adding SGAMP could almost maintain the IEL number, GC number, and expression of sIgA, implying SGAMP might maintain the defense capability of intestinal mucosa to some extent under heat stress.
Intestinal epithelial cells constantly update, and there is a dynamic balance among cell injury, death, proliferation, and differentiation, which plays an important role in repairing damage and maintaining the normal structure and physiological function of the intestine (Potten, 1998) . HSP70, PCNA, and G-6-Pase are proteins related to the process of injury and repair. Heat stress can stimulate cells to produce heat shock protein (HSP) (Xie et al., 2015) , which is a kind of protective protein, and HSP70 proteins are the most important family (Rokutan, 2000) . Cell proliferation can be inhibited by heat stress (Li et al., 2012) . PCNA exists in proliferating cells and is associated with some important biological processes, such as cell cycle regulation, chromosome recombination, and DNA repair, which can be an indicative index of cell proliferation (Friedrich-Heineken et al., 2005) . Endoplasmic reticulum stress is a kind of cell stress response and is involved in many physiological processes such as cell adaption, lesion, and apoptosis, which is an important mechanism of cell protection and injury under stress (Ryoo, 2016) . G-6-Pase is one of the symbolic enzymes of endoplasmic reticulum stress and the quantity change of G-6-Pase marked certain changes of the structure and function in the endoplasmic reticulum (Broadwell and Cataldo, 1984; Wang et al., 2006) . According to this experiment, heat stress could lead to increased expression of HSP70, PCNA, and G-6-Pase in the small intestine, suggesting that there were severe heat stresscaused lesions that needed to be repaired. Compared with the HS group, the HS&AMP group showed relative lower expression of HSP70, PCNA, and G-6-Pase, implying that SGAMP could resist severe endoplasmic reticulum stress and maintain a rather normal level of proliferation under heat stress so that there was less damage that needed to be repaired by these above proteins in the small intestine of the SGAMP added group.
As a kind of potential alternative to antibiotic growth promoters, SGAMP also might have helped in fighting against the increased inflammation and pathogens in the gut during the trial, which needs to be further studied.
In conclusion, SGAMP could resist the growth inhibition of broilers caused by heat stress, and this may account for its activities of reducing the intestinal injury, maintaining the normal intestinal structure, absorption function, and mucosal immunity under heat stress.
